We have utilized the gene 49-mutant-infected cells of bacteriophage T4D to accumulate large numbers of nucleic acid-protein intermediate head structures. These heads were used as substrates for experiments in the investigations of the mechanism of DNA packaging. Specifically, we have examined: (i) the susceptibility of the DNA in these structures to digestion by a variety of nucleases after a series of increasing temperature pulses from 25 to 1000C, (ii) the physicochemical characteristics of the DNA inside these heads, and (iii) the mechanism by which proteins are displaced from the interior of the head after treatment with basic proteins. We isolated DNA from these gene 49-heads by use of gradient centrifugation procedures. The DNA had a molecular weight of 8 x 106 and a density of 1.697 + 0.005 g/cm3, and it contained a short resistant fraction (SRF) which, when associated with the gene 49-heads, exhibited AT-protected regions that were not susceptible to micrococcal nuclease digestion. Such a fraction may contain pieces which are important in the initial association of the DNA with the prohead. Exposure of the gene 49-intermediate capsid structures to basic proteins, such as bovine trypsin inhibitor, lysozyme, and Lpolylysine-70, caused a displacement of an amorphous-appearing structure which may be a complex of the gene 49-DNA and interior components of the capsid (e.g., internal proteins, polyamines). Our general conclusion is that in the gene 49-intermediate head structures which are only partly filled with DNA, this DNA is held inside the head by strong electrostatic linkages with interior polypeptides and polyamines.
The mechanism of DNA encapsidation for T4 can be generally thought of as occurring in one of three possible ways: (i) the DNA condenses into head-sized lumps and the protein capsid assembles around it (15, 16) , (ii) the DNA and protein shell assemble simultaneously, and (iii) the capsids are assembled first and the DNA is then somehow brought into the head (29, 35) . The last model, called "headful encapsidation" is supported by the strongest evidence (20, 22, 29) . Consonant with this model, empty or partially filled capsids have been found which act as intermediates in head packaging (4, 20, 29) . Specifically, Luftig et al. (29) have shown that a temperature-sensitive mutant in gene 49 which produces partially filled heads at the restrictive temperature can be rescued by shifting down to permissive temperatures. After rescue by shifting down, the partially filled heads package additional DNA into the head so as to produce viable phage. Laemmli et al. (22) have shown that these gene 49-partially filled intermediate heads can package as much as 50% of a phage equivalent of DNA into the head after shiftdown. Although the above results have fairly well eliminated the first two possible mechanisms of encapsidation, they still leave unanswered the question as to the actual mechanism by which a 49-,um piece of DNA condenses to fit neatly into a head in which there is virtually no empty volume after the DNA is packaged. This is the area in which we have attempted to provide more information by studying the detailed nucleic acid-protein interactions occurring in gene 49-intermediate heads. The one step not well understood is the molecular basis by which the initial DNA-protein interaction proceeds. The major purpose of this paper is to explore this aspect of DNA packaging in great detail by using a mutant in bacteriophage T4D which is blocked at an intermediate stage, where some, but not all, of its DNA is packaged in the head.
(Part of this material was submitted to Clark University, Worcester, Mass., as a Ph.D. thesis by S.J.G.) T4 HEADS: DNA-PROTEIN ASSOCIATIONS ments unless otherwise specified. M9A is M9 plus a mixture of 18 amino acids, each at a final concentration of 15 ,ug/ml. Hershey broth (H-broth), as well as EHA top and bottom agars, were used in plaque assays and plate stock procedures as described (34) .
Phosphate buffer (0.05 M, pH 7.2) and dilution buffer phosphatee buffer with gelatin) for phage dilutions were prepared as described by King (19) . Phosphate buffer with magnesium added (BUG) is 5 X 10-3 M phosphate buffer with 0.01 M MgSO4. CAT buffer contains 0.05 M Tris, pH 8.4 , and 10-3 M CaCl2. Zinc-acetate buffer is 0.01 M sodium acetate buffer, pH 4.5, and 10-4 M ZnCl2.
Reagents 3 ,000 x g for 10 min. The pellets were resuspended in 0.4 ml of BUG and then shaken with 3 drops of CHC13. Endo 1 (80 ,uCi/ml) was added to the tubes, and they were incubated at 37°C for 30 min. The lysates were then spun at 12,000 x g for 10 min, and the pellets were discarded. Then 0.1 to 0.2 ml of the residual supernatant fluid was layered on top of a 5-ml 10 to 30% (wt/vol) neutral sucrose gradient and centrifuged at 48,000 x g in an SW 50.1 rotor of a Spinco L3-50 ultracentrifuge held at 14°C, for 35 (20) .
bInternal protein mutants were kindly provided by L. Black, University of Maryland. The S-value is our estimate from its position on sucrose gradients. 759 VOL. 22, 1977 on November 6, 2017 by guest http://jvi.asm.org/ Downloaded from 760 GLINERT AND LUFTIG we obtained intermediate head structures which banded in the top third of the gradient, whereas for phage the particles banded in the lower third of the gradient. In both cases the bands were removed with a Pasteur pipette, and such partially purified lysates were stored at 4VC with a small crystal of sodium azide added to inhibit bacterial growth. When such lysates were to be further processed by CsCl centrifugation or extraction with phenol, they were dialyzed against three changes of 500 ml of CAT buffer prior to the next treatment. When they were to be used in nuclease enzyme assays, they were diluted with BUG to a constant radioactivity of 5,000 cpm/20 A.l.
Nuclease assays. The standard enzyme assay mixture of 540 or 570 Aul contained 20 pul of partially purified defective head structures or T4D phage, 20 or 50 Al of the enzyme as listed in Table 2 , and an additional 500 ,ul of the appropriate buffer. The reaction was allowed to proceed at 370C for 45 min and was stopped by the addition of 2.5 ml of ice-cold 5% trichloroacetic acid. A 50-,41 amount of calf thymus DNA at 0.4 mg/ml was added as carrier; the tubes were allowed to sit on ice for 1 h before being filtered, and then the contents of each tube were poured onto a Whatman GF/C filter which had been prerinsed with 2.5 ml each of distilled water and 5% trichloroacetic acid. Each reaction tube was rinsed with three 2.5-ml portions of 5% trichloroacetic acid, and the sides of the filter were washed with an additional 5 ml of 5% trichloroacetic acid followed by 5 ml of ice-cold 100% ethanol. The filters were placed in scintillation vials and dried in an oven. A 10-ml amount of Liquifluor scintillation cocktail (New England Nuclear Corp.) was added to each vial, and the vials were counted in a Beckman liquid scintillation counter. In some experiments, 10% trichloroacetic acid plus 1% phosphotungstic acid was employed instead of 5% trichloroacetic acid.
Temperature pulse experiments with partially purified gene 49-intermediate head structures or T4D phage. For these experiments, each tube again contained 20 ,l of partially purified particles and 500 ,ul of the appropriate buffer for each of the different enzymes (Table 2) . Temperature pulses were carried out by immersing the tubes in water baths maintained at temperatures of 40, 60, 80, or 100°C for 2 min and then placing the tubes on ice for 1 min. The tubes were allowed to equilibrate at 37°C for 5 min prior to the addition of 20 or 50 ,ul of nuclease, regardless of the enzyme used ( Table 2) . The assays were carried out as described above.
Preparation of complexes of MN covalently attached to glass beads. The following recipe was derived from suggestions made by A. Lamont. A 10-g amount of Corning 7930 glass beads (4.0-nm pore; 200 to 325 mesh) was washed with 6 N HCl. The beads were placed on a Buchner funnel and washed free from acid with glass-distilled water; they were then dried in an oven. To link an amino group to the beads, 20 ml of a 4% solution of 3-amino-propyltriethoxysilane in toluene was added to the beads, and the mixture was shaken at room temperature for 18 h. The beads were again washed, this time with 100 ml each of acetone and methylene chloride, and dried. Then 0.5 g of the bis,N-hydroxysuccinimide ester of adipic acid in 10 ml of dry ethylene chloride was added to the beads, and this complex was shaken at room temperature for 30 min and dried. A 4-g amount of such "activated" beads was then allowed to react with 50 U of MN per mg of beads. The beads and nuclease were suspended in 2 ml of 10 mM phosphate buffer (pH 7.0) by first touching the beads to a Vortex mixer and then adding the nuclease solution to the beads all at once. The MN-complexed beads were then centrifuged at 1,000 rpm for 5 min and washed with CAT buffer to occupy unreacted amino groups. Samples of the supernatant fluid and the MN-complexed beads were assayed for unreacted nuclease activity and bound nuclease activity, respectively.
Isolation and characterization of DNA. (i) Preparation of phenol. Phenol crystals were melted by heating to 45°C and were mixed with 500 ml of 0.05 M Tris buffer, pH 9.0. The phases were allowed to separate and the aqueous phase was removed. This treatment was repeated about 18 times until the pH of the supernatant fluid was 7.5. The Tris-saturated phenol was then stored in brown-glass bottles at 40C.
(ii) DNA extraction. A 1-ml amount of 0.05 M Tris (pH 7.5)-saturated phenol was mixed with 0.8 ml of partially purified T4D phage or gene 49-intermediate head structures and 0.2 ml of carrier protein, i.e., BSA (1 mg/ml), by moving a fused Pasteur pipette up and down in a conical centrifuge tube for 10 min at room temperature. The two phases were separated by centrifugation at 1,500 rpm for 15 20 tug of DNA/ml. The melting temperature profile was performed on a Gilford model 2400 spectrophotometer and recorder connected to a Brinkmann Lauda K-2/RD constant-temperature circulator. The initial absorbance of the DNA samples was recorded at 250C, and the temperature of the chamber was raised quickly (in approximately 15 min) to 60°C. The cuvettes were removed from the chamber and tapped to dislodge air bubbles adhering to the walls of the cuvettes. Each cuvette was then filled to the top with paraffin oil to prevent evaporation of the sample and was replaced in the chamber. The circulating water bath thermostat was then set to 100°C, which allowed a continuous slow rise in the cuvette temperature. Temperature and optical density were automatically recorded and plotted every 2 s. The procedure was allowed to continue until the temperature in the chamber was about 80°C. This was well past the plateau temperature of the T4D DNA dena- min; the pellets were discarded. The trichloroacetic acid was then extracted from the supernatant fluid by shaking with an equal volume of fresh diethyl ether, followed by removal of the ether phase. This procedure was repeated until the pH of the aqueous phase was 6 .0 (usually four extractions were sufficient). A 0.1-ml amount of sample was then mixed with 0.9 ml of 0.05 M phosphate buffer (pH 6.0) in preparation for loading onto a Cellex-P ion-exchange column as described below.
(iii) Preparation and use of Cellex-P columns. The ion-exchange resin was washed in a Buchner funnel with 2 to 3 volumes of each of the following, in order: 0.5 M HCl, 1.0 M NaCl, glass-distilled water, 1 .0 M Na2CO3, glass-distilled water, 0.1 M NaOH, glass-distilled water, 100% ethanol, 0.2 M phosphate buffer (pH 6.0). The resin was suspended in a 50-fold excess of 0.01 M phosphate buffer (pH 6.0) and allowed to settle for 5 min, and the supernatant fluid was then decanted. This procedure was repeated once more, and the Cellex-P was resuspended in a fourfold excess of buffer. The columns were poured by filling the columns to the top with the slurry, and the bed volume was adjusted to 3 ml by gently stirring up the top of each column and adding or subtracting the appropriate amount of Cellex-P. The columns were then washed with 2 volumes of 0.01 M phosphate buffer (pH 6.0). The samples, as prepared above, were loaded onto the columns, which were then washed successively with 15 ml of 0.01 M phosphate buffer (pH 6.0), 5 ml of glass-distilled water, and 10 ml of 0.02 N HCl to elute any free amino acids which may have remained in the polyamine extracts. Putrescine was then eluted with 10 ml of 0.075 N HCl followed by 5 (ii) Use of Azocoll to determine the presence of a proteinase. Amounts of 5 ml of buffer (zinc-acetate for S1, BUG for Endo I, and CAT for all other determinations) and 25 mg of Azocoll substrate were incubated for 45 min at 37°C and then filtered on Whatman no. 1 filter paper; the optical density of the supernatant fluid was determined at 520 nm by use of a Beckman DB-GT grating spectrophotometer.
(iii) Proteinase K determinations. Amounts of 20 ,l of DNA, intact T4D phage, or gene 49-intermediate head structures, 0.5 ml of CAT buffer, and 25 ,ul of proteinase K (100 ,g/ml in glass-distilled water) were incubated for 45 min at 37°C. Trichloroacetic acid precipitations were carried out as previously described.
(iv) Electron microscopy. Electron microscopy was performed as described by Hamilton and Luftig (13 491 , and T4D (wild type) phage to infect cells, isolated head intermediates or phage from cells infected with such viruses, and then subjected the heads or phage to a variety of biochemical and biophysical methods of analysis. We will start with a description of the experiments performed to provide information related to the first question. In the two subsequent sections, the latter questions will be considered. As a means of first finding out why a large amount of DNA remained associated with gene 49-intermediate heads, these structures were exposed to temperature pulses in order to partially or wholly denature the head structure. Then the structures were treated with a variety of nucleases to determine the accessibility of the DNA in such partially denatured heads to enzymatic digestion. The nucleases used in these studies were Endo I, Si, and MN; their properties are described in Table   TABLE 2 
single-stranded DNA (2) phate buffer, pH 7 .0 a Unless otherwise specified, the amount of Endo I, MN, or S1, respectively, present in the nuclease assays was Susceptibility of DNA still associated with the phage head to nuclease attack. The 49-intermediate head structures and T4D phage were given 2-min temperature pulses at increments of about 200C, starting with 250C, and were then exposed to one of several nucleases for 45 min. The enzyme reactions were terminated by the addition of ice-cold 5% trichloroacetic acid, and after 1 h the samples were filtered as described in Materials and Methods.
The data presented in Fig. 1-3 show the following:
So long as the particles are not exposed to temperatures exceeding 60'C, the heads remain intact and the DNA inside them is invulnerable to attack from either S1 nuclease or Endo I.
Gene 49-intermediate head structures lose 70% of their DNA after an incubation with MN, but the DNA inside T4D phage is unaffected by this enzyme. Endo I and S1 have molecular weights of around 30,000 (2, 26) , whereas the molecular weight of MN is only 16,000 (37) . We postulate that MN is small enough to gain access to the DNA inside the 49-intermediate capsid through a hole or holes in the heads. Endo I and S1, being twice the size of MN, may be too bulky to enter the hole and thus cannot degrade this DNA as long as it is protected by an undamaged capsid structure.
As the temperature to which the virus particles are exposed is raised above 60'C, the percentage of DNA associated with the heads in a trichloroacetic acid-precipitable form declines after treatment with S1 and Endo I. Exposing the heads to higher temperatures causes a gradual disruption of the capsid structure. This can be seen both from the decrease in "4C-labeled amino acid counts, which represent head proteins ( Fig. 4A-C) , and from the amorphous morphology exhibited upon electron microscopy of heads exposed to these temperatures (Fig. 5) . The partial denaturation of the head has the effect of rendering the DNA, now no longer protected by an intact protein coat, vulnerable to attack by S1 and Endo I. The degree of the specific enzymatic attack is obtained by first subtracting the nonspecific loss of DNA due solely to the temperature pulse; these values are presented in Table 3A . This is an apparently valid procedure since, as can be seen in Table 3B After the temperature pulse at 1000C, 76% of the T4D DNA is specifically degraded by Endo I (Table 3A) . Since denatured DNA is a very poor substrate for this enzyme, we infer that this treatment does not cause appreciable denaturation of the T4D DNA. By comparison, only 34% (tsC9) and 47% (IPO,amE727) of the nucleic acids of the gene 49-intermediate capsids are lost after treatment with Endo I. Further, S1 nuclease, a single-strand specific enzyme, degraded 75% of the tsC9 DNA ( Fig. 1) and 60% of the (IP°,amE727) DNA (Fig. 2) . These data suggest that the DNA in gene 49-intermediate head structures which were isolated by using Endo I to clip the heads from the >1,OOOS DNA concatenate (18, 28) has a higher degree of single-stranded character than does the DNA in T4D phage heads. This could be a result of (i) multiple single-stranded regions which are present in the DNA regardless of the state of the capsid, (ii) the existence of unique sequences on 49-DNA which are more liable to thermal denaturation than wild-type DNA, (iii) the presence of DNA regions which somehow become single-stranded as a result of capsid disintegration, (iv) the fact that DNA in mature T4 heads is packed so tightly that it reanneals very efficiently upon cooling after the temperature pulse, relative to the DNA in T4 49-capsids, or (v) Endo I nicking the doublestranded DNA associated with gene 49-intermediate capsids, Endo I being present on the heads as a result of binding to them after cleaving the heads from the concatenate. Although this last case is possible, it appears unlikely, since T4D phage heads are isolated by using the same concentration of Endo I as the gene 49-intermediate heads, yet the DNA from the T4D particles is not as susceptible to S1, and, when SV40 DNA is incubated with tsC9 intermediate heads, 100% of the SV40 DNA is recovered after trichloroacetic acid precipitation. As we will discuss in the next section, purified gene 49-intermediate head DNA has the same melting temperature (Tm) and density in cesium chloride as T4D DNA. This makes the first two possibilities less likely to occur, although it is still possible that there are a few nicks or thermolabile regions in gene 49-intermediate DNA which may not be detectable by our methods for melting-temperature or density determinations. Also, the fourth possibility is weakened by the fact that the total gene 49 DNA of infected cells (>1,000S concatenate) is tightly supercoiled (17) , so that one would expect it and parts of it to reanneal rapidly. Thus, we are left with the third possibility as being the most likely alternative to explain the relative S1 sensitivity of gene 49- 6 shows that the amount of DNA inside gene 49-intermediate head structures which is degraded by MN is dependent on the concentration of the enzyme so long as the temperature to which the heads are exposed remains below 6000. With temperature pulses exceeding 60°C, the nucleolytic activity of the enzyme remains relatively constant up to 10000. Since the units of enzyme employed at the lowest concentration, e.g., 45 U, in these experiments were sufficient to cause complete (i.e., greater than 99% of the counts became trichloroacetic acid-soluble) degradation of approximately equivalent quantities of isolated SV40, T4D, and tsC9 DNA, it seems reasonable to suppose that the presence of the head structure physically impedes the action of the MN on 49-DNA which is sequestered inside the capsid.
Since the amount of DNA which becomes trichloroacetic acid soluble with temperature pulses below 6000 does depend on the concentration of enzyme, but becomes independent when the capsid is damaged and the DNA is exposed, it is possible that the concentration dependence observed in the experiments using intact capsids is not solely a function of the nucleolytic activity of the enzyme, but it also related to some other property of the enzyme molecule, such as charge. Experiments demonstrating that this is indeed the case will be presented in the last section of Results, which considers the ability of MN and other basic charged moieties to displace a core from the gene 49 better substrate for S1, indicating that about 50% of the gene 49-DNA is double stranded under normal conditions. These data suggesting that gene 49-DNA is enriched in singlestranded regions relative to T4 DNA are consistent with the flat melting temperature profile shown in Fig. 8 Figure 9B shows the results of an experiment in which tsC9 capsids and T4D phage were labeled with [3lHlguanosine instead of [3lHlthymidine (Fig. 9A) exhibited the same pattern of 14C label trichloroacetic acid solubility as shown in Fig. 10. (iv) The addition of a variety of inhibitors of seine proteases, e.g., soybean and lima bean trypsin inhibitors, and TPCK, did not alter the trichloroacetic acid solubility of either the gene 49-intermediate head structure proteins or 3H-labeled BSA. In the course of these experiments, we also observed that about 50% of the label in 3H-labeled BSA was trichloroacetic acid soluble after treatment with MN. This observation suggested another effect of MN, viz., a chargedisplacement effect, since MN is a highly basic protein with a pI of about 10 . Support for such an interpretation is provided in Fig. 11 (Fig. 12A) but not for T4D (Fig. 12B) Since MN has a lower molecular weight than either Endo I or S1 (Table 2 ) and is therefore smaller in size, it is more likely that it would be able to enter the gene 49-intermediate head structures through an opening, displace the protein, and digest the DNA. If this is the case, then the action of MN on the protein and DNA of the gene 49-intermediate I-ead structures is dependent on the ability of the enzyme to enter the capsid, and of the internal material to be diffusible so that it can be displaced. Thus, preventing either or both of these contingencies from occurring should result in the recovery of all of the [3H]thymidine-labeled DNA and [14C]lysine-labeled protein after trichloroacetic acid precipitation. We used two methods to test this hypothesis. In method A we blocked the ingress of the enzyme by covalently binding MN to glass beads, 40 Am in diameter. This makes the MN effectively too large to enter the normal-size hole or holes in the 49-intermediate head structure. In method B we crosslinked the gene 49-heads with glutaraldehyde so as to make the holes too small for the entry of the normal-size MN and/or to cross-link the displaceable proteins, so that they could not freely diffuse out of the head. In both cases we found that these treatments effectively blocked the ability of MN both to displace "4C-labeled head proteins and to digest the [3H]thymidinelabeled DNA. The details are presented below.
Method A. MN was covalently complexed to glass beads as described in Materials and Methods. Samples of this complex (denoted as MLB for micrococcal on large beads) were then incubated with gene 49-intermediate head structures, and in some experiments the particles were subjected to a 2-min temperature pulse at 100°C to destroy the integrity of the intermediate head structures. The major experimental details are provided in the last two lines of Table 5 ; the first six lines present several controls. In summary, these data show that: (i) the Method B. In this set of experiments the gene 49-intermediate head structures were allowed to react with glutaraldehyde for 15 min, after which any excess glutaraldehyde was inactivated by the addition of exogenous CAT buffer. The head structures so treated were then exposed to MN as described in Materials and Methods. Figure 13 shows that, as the concentration of glutaraldehyde is increased to about 70 mM, the percentage of [3H]thymidine-labeled DNA remaining in a trichloroacetic acidprecipitable form increases to almost 100%. In a series of parallel experiments, we also found that a concentration of 25 If the solubilization of [14C]lysine-labeled protein from the gene 49-intermediate head structures described above in the two types of experiments is a result of the cationic character of the MN, rather than a result of the nucleolytic activity of this enzyme, then the loss of 14C-labeled protein after precipitation with trichloroacetic acid should be observable with other basic proteins. In such a set of experiments, we used lysozyme (pI = 11), bovine trypsin inhibitor (pI = 10.5), and polylysine polymers of various molecular weights, and found that they indeed exhibit a similar ability to displace '4C-labeled proteins from gene 49-intermediate head structures into a trichloroacetic acid-soluble form. The results in Table 6 indicate that, as compared with MN ( Fig. 10) , ]lysine were incubated with glutaraldehyde at various concentrations for 10 min at room temperature as described in Materials and Methods. Excess glutaraldehyde was complexed before addition of micrococcal nuclease to the reaction mixture and incubation as described in Materials and Methods. Preparation of samples from the enzyme assays was as described in Fig. 1 .
additional basic proteins of small molecular weight, e.g., lysozyme (molecular weight, 14,000), can also apparently enter an opening in the gene 49 appears to represent a nonspecific effect. In contrast, the 70 to 85% trichloroacetic acid solubility of gene 49-DNA caused by the treatment with MN primarily reflects the nucleolytic activity of the enzyme. A similar apparent displacement of 40% of the protein from gene 49-intermediate head structures was also observed when we used the highly basic polypeptide L-polylysine-70 (molecular weight, 70,000) at a concentration of 15 ,ug/ml. Since higher concentrations, e.g., 75 ,ug/ml, of L-polylysine-70 caused almost 100% of the protein to become trichloroacetic acid soluble, the effect observed with L-polylysine-70 is different from that seen with the basic proteins, e.g., it is larger in molecular weight than those basic proteins which enter the head, so we may be observing some interactions of the L-polylysine-70 with the outside of the head. Interestingly enough, the smaller L-isomers of polylysine, e.g., molecular weights of 15,000 and 30,000, which might be expected to enter the head, did not cause a displacement of more than 10 to 15% of the protein from the gene 49-intermediate head structures, even at a concentration of 75 ,ug/ml. Figure 14A shows control heads, Fig. 14B shows heads which have been exposed to MN, and Fig. 14C shows heads after treatment with lysozyme. The arrows in Fig.  14B and C point to a heterogeneous population (10 to (Fig. 14D) . The disappearance of these structures is correlated with the additional loss of both [3H] T4 heads. Specifically, we have examined: (i) the susceptibility of the DNA in these structures to digestion by a variety of nucleases after a series of increasing temperature pulses from 25 to 1000C, (ii) the physiochemical characteristics of the DNA inside these heads, and (iii) the mechanism by which proteins are displaced from the interior of the head after treatment with basic proteins. Our general conclusion is that in the gene 49 pect that it may be basic regions of cleaved P23 (P23*), P24*, soc, and hoc (14) polypeptides. The concentration of polyamines that we have found in these heads, viz., roughly 10-5 M, is close to the 10-4 M concentration of spermidine required for in vitro collapsing of T7 DNA into a shell with the approximate diameter of the T7 capsid, e.g., 60 nm (11) . This supports our contention that polyamines together with basic regions in capsid polypeptides play a role in stabilizing and maintaining the initial piece of T4 DNA inside the head.
Recent studies with chromatin (38) and ani- mal viruses, e.g., SV40 (12) , also indicate the importance of basic protein-nucleic acid interactions in the maintenance of DNA tertiary stucture. In these latter cases, it is histones that play a primary role in maintaining the DNA in the tightly packed "nu" body (31) Kemper and Brown (17) at the vertices of the capsid.
It should also be noted that the in vitro collapsing of T7 DNA into a structure 60 nm in size quoted above by no means proves that this is what happens in vivo. The in vitro collapsing of DNA can be observed in a variety of ways and yields many different structures; e.g., ethanol collapses DNA into supercoils, producing tight rodlike structures visible in an electron microscope (23) , and titration of the phosphate groups of DNA with polylysine will cause the nucleic acid to collapse (33) into structures which appear as donuts or short stem structures in an electron microscope (21, 31) . Thus, caution should be exercised in too broad an interpretation of in vitro DNA collapsing experiments. With this caveat in mind, we would nevertheless like to discuss another type of in vitro collapsing experiment, which we believe is relevant to understanding the role of another internal head component, viz., the acid-soluble peptides, (7, 10) in T4 head maturation.
Laemmli et al. (21) showed by electron microscopy that polyethylene oxide-collapsed DNA resembled DNA found in partially disrupted phage heads (32); i.e., a set of concentric circles or a tightly wound spiral was observed. These observations then led them to propose that the packaging or collapsing of DNA into the T4 head could be mediated by repulsive interactions between acidic, internal head peptides and the DNA phosphate backbone. This suggestion is consistent with earlier models of Lerman on DNA condensation (24, 25) .
We would now like to present a model for DNA packaging based on these results and those presented earlier, which accounts for essentially all of the internal components in wildtype phage. We propose that DNA initially binds to basic regions of cleaved capsid or internal proteins and polyamines, and this is followed by the collapsing of the remaining DNA into the head as a result of repulsive interactions with acidic peptides. Additional polyamines would neutralize the increased amount of acidic charges in the head, and the DNA would be stabilized by additional factors, so that it did not leak out of the head. Although the role of DNA synthesis in maturation is not yet understood, it may provide the energy needed for stabilizing the DNA in the head (13) .
The novel feature of this model is that we have for the first time presented evidence for the role of polyamines and other basic moieties in the binding of T4 DNA to the interior of the capsid. Other phage systems, e.g., X, T5, or Xx-174 (3, 5) , also contain polyamines inside the phage head, and, in fact, spermidine is actually required for X assembly (5). Thus, this requirement for internal basic charged moieties to provide sites for the initial association of nucleic acid with the capsid, may be a general feature of virus assembly systems.
